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We review approaches to the assessment of ecological condition and conservation 24 
management of large floodplain rivers. 25 
The review highlights research gaps and emphasizes the importance of developing 26 
more holistic indicators of ecosystem condition. 27 
Indicators that better reflect landscape level changes in structure and functioning of 28 
floodplain rivers are needed. 29 
Studies that distinguish the role of different river floodplain habitat types in 30 
ecosystem services provision are needed. 31 
More effective spatial conservation prioritization tools are needed at the river 32 
floodplain scale. 33 
Abstract 34 
Large floodplain rivers (LFRs) are currently threatened by high levels of human alteration, 35 
and utilization is expected to grow. Assessments to determine ecological condition should 36 
address the specific environmental features of these unique ecosystems, while conservation 37 
management requires balancing maintenance of good ecological condition with the ecosystem 38 
services provided by LFRs. However, a systematic evaluation of the scientific literature on 39 
assessment of ecological condition of LFRs and trade-offs to guide conservation management 40 
is currently lacking. Here, we reviewed 153 peer reviewed scientific articles to characterize 41 
methodological patterns and trends and identify knowledge gaps in the assessment of LFRs. 42 
Our review revealed that most approaches used classical biotic indices for assessing 43 
ecological condition of LFRs. However, the number of articles specifically addressing the 44 
peculiarities of LFRs was low. Many studies used watershed level surveys and assessed 45 
samples from small streams to large rivers using the same methodological protocol. Most 46 
studies evaluated the status of main stem river habitats only, indicating large knowledge gaps 47 
with respect to the diversity of river-floodplain habitat types or lateral connectivity. Studies 48 
related to management were oriented toward specific rehabilitation actions rather than broader 49 
conservation of LFRs. Papers relating to ecosystem services of LFRs were especially few. 50 
Most importantly, these studies did not distinguish the different functional units of river-51 
floodplain habitat types (e.g. eupotamon, parapotamon) and their role in ecosystem services 52 
provision. Overall, the number of articles was too low for meaningful analyses of the 53 
relationships and tradeoffs between biodiversity conservation, maintaining ecological 54 
condition, and use of ecosystem services in LFRs. Our review highlights research gaps and 55 
emphasizes the importance of developing more holistic indicators of ecosystem condition, 56 
which better reflect landscape level changes in structure and functioning of LFRs. As human 57 
use of water and land increases, the need to develop more effective spatial conservation 58 
prioritization tools becomes more important. Empirical research in this field can aid in solving 59 
conflicts between socio-economic demands for ecosystem services and nature conservation of 60 
LFRs. 61 
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Introduction 65 
Large floodplain rivers (LFRs) are the lifelines of our landscapes. By draining large 66 
catchment areas, they integrate environmental, topographic and hydro-geomorphic conditions. 67 
LFRs are four dimensional systems, with longitudinal connectivity along the river gradient, 68 
lateral connectivity to the floodplain, vertical connections with the substrate and the 69 
groundwater layer, and having a temporal trajectory (Ward, 1989). Large river habitats can be 70 
considered hierarchically nested from regions down to river reaches, with quality and spatial 71 
arrangement of habitat units at the finer spatial scales controlled by processes at coarse spatial 72 
levels (Gurnell et al., 2016). Regularly occurring floods and droughts make rivers 73 
disturbance-driven systems subjected to periodic rejuvenation of habitats through erosion and 74 
deposition processes. As a result, LFRs provide a dynamic mosaic of habitats in various 75 
successional states that differ in complexity, connectivity and patchiness (e.g., Thorp et al., 76 
2006), which is usually considered the foundation of their exceptionally high biodiversity 77 
(e.g., Tockner and Ward, 1999).   78 
 79 
At the same time, LFRs are subject to intense use by humans, including transformation, 80 
reclamation, and degradation of the natural landscape (Tockner and Stanford, 2002; Peipoch 81 
et al., 2015). Ancient civilizations arose on floodplains by cultivating the fertile land. 82 
Increasing agriculture and urbanization, and the associated river regulation (e.g. 83 
channelization, building of dams, flood control by levees) over time have substantially 84 
reduced the area as well as the spatial and temporal complexity of LFRs. For example, more 85 
than 50% of the world’s population currently lives within 3 km of freshwaters (Kummu et al., 86 
2011), and more than 600,000 km of inland waterways have been altered for navigation 87 
worldwide (CIA, 2002). The net result is constriction of floodplains by more than 50% of the 88 
historical expanse (for details, see Tockner and Stanford, 2002). In Europe, which is the most 89 
human dominated continent, up to 90% of former floodplains have been degraded to 90 
functional extinction (Tockner et al., 2010). Modification and degradation is ongoing due to 91 
agriculture, urbanization, navigation and development of large hydropower projects, making 92 
LFRs the most threatened ecosystems on Earth (Arthington et al., 2010; Sommerwerk et al., 93 
2010).  94 
In sum, LFRs are highly complex natural systems of high biodiversity and societal value, but 95 
severely degraded and in urgent need of protection and rehabilitation. It shall be noted here 96 
that rehabilitation is used throughout this article to reference all measures and attempts to 97 
mitigate degradation and to improve ecosystem functions and processes. This acknowledges 98 
the persistence and irreversibility of certain uses and changes, respectively, and the 99 
corresponding impossibility to restore LFRs to historical or pristine states (i.e. restoration). 100 
Due to their size, inherent complexity and integrative nature, LFRs are costly to sample and 101 
assess (e.g. de Leeuw et al., 2007; Flotemersch et al., 2011). Broader challenges include the 102 
need to identify and prioritize the most pressing stressors on LFRs while balancing 103 
conservation and rehabilitation of ecological condition with the diverse benefits that LFRs 104 
provide to society (i.e. ecosystem services; see Fig. 1). Accordingly, examples of in-depth 105 
assessment of pressure effects, rehabilitation measures in or rehabilitation guidance for LFRs 106 
are rather scarce (e.g. Zajicek et al., 2018). Correspondingly, in Germany an analysis of the 107 
first river basin management plans implementing the European Water Framework Directive 108 
(WFD, 2000/60/EEC) revealed that huge knowledge gaps were evident (especially for large 109 
rivers), and mostly conceptual measures were planned (Kail and Wolter, 2011). Trade-offs 110 
and synergies between the spatial distribution of ecological condition and ecosystem services 111 
have to be understood and quantified. LFR management is expected to either spare the land 112 
for biodiversity conservation or for human use, or to share it between conservation and use for 113 
the joint benefit of both nature and the society (Cordingley at et al., 2016; Doody et al., 2016). 114 
This evaluation procedure requires scientifically robust methods that can assess the ecological 115 
or conservation status of LFRs and also identify optimal solutions for the allocation of 116 
resources (i.e. prioritization of the landscape for conservation/rehabilitation and/or for use). 117 
This systematic review aims to evaluate status and progress in assessing and managing LFRs, 118 
defining research gaps and future research avenues. Several research and review articles 119 
emphasize the importance of natural patterns and processes in the effective conservation of 120 
LFRs (e.g. Jungwirth et al., 2002; Thorp et al., 2010). However, a systematic evaluation of 121 
assessment approaches for LFRs and how well they address societal goals of maintaining 122 
good ecological condition, conserving biodiversity, and capitalizing on ecosystem services is 123 
currently lacking. Consequently, we conducted a systematic review to summarize trends in 124 
the assessment of ecological condition, conservation and ecosystem services of LFRs. 125 
Specifically, we asked the following two questions: 1) how is ecological condition of LFRs 126 
assessed, and 2) how can maintenance of ecological condition be balanced with use of 127 
ecosystem services of LFRs?  128 
Materials and Methods 129 
We conducted a systematic evaluation of the peer-reviewed literature relating to the 130 
determination, conservation and rehabilitation of ecological condition, the conservation of 131 
biodiversity and/or the use of ecosystem services in LFRs. We performed a literature search in 132 
the Web of Science (WoS; http://apps.webofknowledge.com) database using the following 133 
keywords combination: („ecological status” OR „ecological condition” OR „ecosystem 134 
health” OR "ecological integrity" OR "biological integrity" OR conservation OR 135 
rehabilitation OR restoration OR biodiversity OR "ecosystem services") AND (river* OR 136 
floodplain* OR „floodplain-lake*” OR oxbow*). For simplicity, we selected English 137 
language articles only. The search was executed on 11 December 2017, and yielded 2426 138 
articles in the time period from 1992 to 2017. All authors were assigned an equal number of 139 
articles to screen against review criteria. Because the definition of large rivers varied, we 140 
decided to incorporate all studies dealing with potamal floodplain rivers larger than 1000 km
2
 141 
in catchment size. Articles were excluded from the analyses if i) the main topic was not 142 
related to assessment of ecological condition, conservation or ecosystem services, ii) the focus 143 
was only on small streams and rivers, or iii) evaluations were performed at the level of sites or 144 
sub-catchments with unclear relation to LFRs. We also excluded review articles, except where 145 
they contained detailed case studies for effective evaluation (e.g. details of restoration projects 146 
in Jungwirth et al., 2002). This procedure resulted in a total of 153 papers matching our study 147 
criteria. 148 
From each study, we extracted the location, spatial scale, year(s) of investigation, the 149 
floodplain habitat types studied and other circumstances of data collection (see Appendix I.). 150 
We paid special attention to evaluating the role of different river-floodplain functional habitat 151 
types (for details see Amoros et al., 1982; 1987; Ward and Stanford, 1995) in assessment and 152 
management goals. We distinguished five habitat types as follows: MR, main river or 153 
eupotamon habitats, which include the main channel and side arms that are connected to the 154 
main channel even at low flow; FP1, floodplain 1 or parapotamon, and plesiopotamon 155 
habitats, which are abandoned braided channels or backwaters blocked from upstream 156 
(parapotamon) and from both upstream and downstream direction (plesiopotamon), but often 157 
connected to the main arm depending on water level; FP2, floodplain 2 or paleopotamon 158 
habitats are oxbows in the floodplain area, which are only rarely connected to the river and to 159 
other side arm components by surface flow; FPA, flood protected area, which contains 160 
oxbows separated completely from the floodplain by dams; and R, riparian areas, which 161 
include all other terrestrial habitats belonging to the floodplain.  162 
We characterized each study into six categories based on the main study objectives, as (1) 163 
assessment of ecological condition (EC; note that this broad term incorporates evaluation of 164 
ecological or ecosystem status, health, condition or ecological/biological integrity), (2) 165 
conservation (C), (3) rehabilitation or restoration (R, hereafter we use the term rehabilitation 166 
only, because – although the term is widely used – true restoration, e.g. of pristine or natural 167 
conditions of LFR is rarely intended), (4) ecosystem services (ES), (5) trade-off situation 168 
between C and ES (C/ES), and (6) biodiversity inventory or monitoring (BDM). Studies that 169 
addressed more than one topic were classified to more than one type (e.g., to both EC and 170 
BDM).  171 
For ecological assessments (EC), we classified the taxonomic group(s), number and type of 172 
variables (metrics) used for the evaluation, the number and type of stressors measured, and 173 
the characterization of reference condition. For conservation (C), rehabilitation (R) and 174 
ecosystem service (ES) studies we examined the components of biodiversity and services, and 175 
whether and how trade-off relationships were handled. We also evaluated the reported 176 
involvement of stakeholders in achieving study objectives. Further details of the data 177 
collected and reviewed are provided in Appendix I. 178 
Results and Discussion 179 
General findings 180 
Of the 153 articles reviewed, 60.0%, 24.7%, 9.5%, 4.2%, 1.6%, and 0.0% addressed EC, 181 
BDM, R, C, ES, and C/ES, respectively. The geographic distribution of the studies was highly 182 
unequal across continents and ecoregions (Fig. 2). A majority of the studies were conducted 183 
in Europe (32.0%) and North America (28.1%), whereas studies from Asia (16.3%), Africa 184 
(8.5%), South America (7.8%) and Australia and New Zealand (7.2%) were much less 185 
represented. Altogether 73 ecoregions were represented in studies. However, a relatively large 186 
proportion were conducted in just three ecoregions: Central & Western Europe 10.5% 187 
(Europe), the Upper-Danube 9.2% (Europe), and the Lower Mississippi 5.9% (North 188 
America). 189 
Assessment of ecological condition 190 
Evaluation of ecological condition (EC articles) was mostly performed (48.9% of the studies) 191 
using main river assemblages (i.e. in eupotamon habitats). In contrast, other floodplain 192 
habitats were assessed by a much lower number of studies (Fig. 3). Specifically, floodplain 193 
habitats type 1 (parapotamon, plesiopotamon) and type 2 (paleopotamon) were assessed by 194 
22.6% and 18.9% of the studies, respectively, and flood protected areas and riparian systems 195 
were considered in only 6.3% and 3.2%, respectively. A majority of the studies (60.9%) 196 
incorporated only one habitat type for evaluating ecosystem status. Similar numbers of studies 197 
evaluated two (16.5%) and three (19.1%) habitat types; however, only 3.5% studies 198 
incorporated four habitat types. No study evaluated all five habitat types of LFRs.  199 
The taxonomic groups most often used to assess ecological condition were fishes and benthic 200 
invertebrates, accounting for 45.6% and 35.0% of the studies, respectively. All other taxa (e.g. 201 
algae, macrophytes) were much less frequently used (Fig. 4). 83.0% of the papers used only a 202 
single taxonomic group for the assessment, 10% applied two groups, and only 7.0% of the 203 
studies used three or more groups. Taxonomic (e.g. species richness, number and/or 204 
abundance of specific taxa) and functional (e.g. % omnivores, % invertivores) metrics were 205 
the most frequently used biological response variables across all studies. In studies using fish 206 
as the response group, index-based approaches (i.e., scoring alteration metrics from a 207 
reference value and summing values into a single index) were most common (see e.g. 208 
Ganasan and Hughes, 1998; Sharma et al., 2017); however, it should be noted that this 209 
methodology was typically unchanged from how it is applied to assess site-level degradation 210 
in small streams and rivers (e.g., Karr, 1981). Assessments that focused on benthic 211 
invertebrates tended to rely on diversity indices (e.g. Shannon-Wiener, Simpson indices) and 212 
density metrics (individuals m
-2
) (see e.g. Cabecinha et al., 2004; Raburu et al., 2009), which 213 
were only infrequently used in fish based studies. Though few in number, studies on 214 
macrophytes incorporated structural vegetation variables like maximum vegetation height. 215 
For example, in the San Pedro River, (Gila ecoregion, U.S.A.), Stromberg et al. (2006) 216 
examined how groundwater withdrawal influences the ecological condition of the floodplain 217 
system based on maximum vegetation height across the floodplain, % shrubland cover, and 218 
absolute as well relative cover of hydric perennial herbs. Interestingly, algae were also 219 
relatively rarely used in EA of LFRs. Utilizing algae as indicators, for example, Greiner et al. 220 
(2010) used classification algorithms (Self-Organizing Maps) to set up biotypes along an 221 
alteration gradient and to determine ecological thresholds for setting up the boundaries of 222 
condition classes.  223 
Many studies, however, did not use biotic indices or any other quantitative assessment of 224 
ecological condition. These studies instead examined how the structure (i.e. presence/absence 225 
or relative abundance) of biological assemblages was associated with the degradation (i.e. 226 
ecological condition) of the habitats using multivariate community analyses (e.g. Pan et al., 227 
2014). Further, some articles exclusively assessed habitat condition, which of course is an 228 
important component of overall ecological condition, but cannot be used per se for this 229 
purpose, if the biotic response to the habitats is not considered. For example, in Austrian 230 
rivers Muhar et al. (2000) concluded that only 43 km (5.9%) out of 731 km of large alluvial 231 
rivers remained in relatively intact condition using a scoring system that characterized the 232 
habitat quality based on morphological character, instream structures, longitudinal and lateral 233 
connectivity, and hydrological regime compared with reference conditions.  234 
A surprisingly large number of papers did not provide a clear description of the methodology 235 
of ecological condition assessment by specifying the type of stressors or the response biotic 236 
metrics. In fact, many studies used only the biotic groups as indicators of ecological condition 237 
without evaluating the role of stressor variables (e.g. only 32.5% of the papers examined 238 
stressor metric relationships). When stressors were analyzed as part of the assessment, land 239 
use variables (e.g. percentage of forest, agricultural land) were the most frequently used, 240 
reported in 54.4% of the papers. Land use is not only easy to derive from thematic maps; it 241 
seemingly provides a good approximation for ecological degradation of large rivers. For 242 
example, Trautwein et al. (2012) found two simple land use metrics, % agriculture and % 243 
urbanization, were the best correlated stressor metrics with fish-based biotic indices (i.e. 244 
ecological condition) in the Upper Danube ecoregion, Austria; however, stream fish 245 
assemblages of lower mountain rivers were more sensitive to land use changes than fish 246 
assemblages inhabiting low gradient, large rivers. In the Paraiba do Sul ecoregion, Brasil, 247 
Pinto et al. (2006) found land use (especially % pasture, % urban area) and riparian condition 248 
closely associated with fish biotic indices.  249 
Physical stressors were assessed in 34.2% of the papers. Among these, connectivity (effect of 250 
dams), instream and riparian habitat structure (flow regulation, channel modification) were 251 
most frequently measured. For example, in main stem rivers in the Central & Western Europe 252 
ecoregion, Czech Republic, Musil et al. (2012) demonstrated that weirs and dams affected the 253 
biotic status of fish assemblages. In the Upper Lancang (Mekong) ecoregion, China, Zhai et 254 
al. (2010) demonstrated how a series of hydropower dams affected the ecological condition 255 
due to alteration of flow, water quality and sediment transport. Chemical (i.e. water quality) 256 
stressors were utilized in 28.1% of studies and included primarily sediment pollution, point 257 
source pollution, concentration of nutrients and oxygen content. For example, in the Liao He 258 
ecoregion, China, basic physiochemical parameters, BOD5, CODcr, TN, TP, NH3-N, DO, 259 
petroleum hydrocarbon and conductivity were associated with an integrated ecological health 260 
index (Meng et al., 2009). This integrated index combines physical habitat quality, fecal 261 
coliform count, attached algae diversity, and a benthic index of biotic condition (Meng et al., 262 
2009). Biological stressors appeared in only 7.0% of studies, and were largely comprised of 263 
the number or abundance of non-native species (fish) and livestock grazing. For example, in 264 
the Southern Iberia ecoregion, Spain, dominance of non-native fishes was an important 265 
determinant of ecological condition indicated by fish-based indices (Hermoso et al., 2010). In 266 
the Lake Victoria Basin ecoregion, Kenya, excessive grazing and deforestation affected fish-267 
based ecological condition (Raburu and Masase, 2012). Nevertheless, most studies showed 268 
that a combination of stressors shape the structure and assemblages of biotic communities in 269 
large rivers (e.g. Weigel and Dimick, 2011; Sarkar et al., 2017), which corresponds well with 270 
findings from smaller streams and rivers (Hering et al., 2006; Feld and Hering, 2007). 271 
Most assessments used either field intensive (50.0%) or field rapid (27.9%) data collection 272 
methodology (Fig. 5). This result clearly reflects a certain need for extensive sampling of 273 
biota to represent status of LFRs, and which can be only partially replaced by modern remote 274 
methods, even if collection of biological data is time consuming and resource intensive (e.g. 275 
Flotemersch et al., 2011). However, besides conventional methodologies, innovative 276 
methodological approaches became increasingly implemented. For example, Dzubakova et 277 
al., (2015) applied LiDAR imagery to evaluate the dynamics of lateral connectivity in river 278 
floodplain habitats, and similarly, Karim et al. (2014) developed a method to quantify 279 
connectivity (timing, duration) of floodplain wetlands over space and time using high 280 
resolution laser altimetry. A large majority of studies measured ecological condition against a 281 
reference; however, the method used to define reference conditions varied widely (Fig. 6), 282 
with designation of reference sites (29.8%) and modelling stressor-response relationships 283 
(29.8%) being equally most important. In contrast, half of the studies did not describe how 284 
natural variation was partitioned from human impacts (Fig. 7). When natural variation was 285 
addressed, most studies used site-based classifications (i.e. evaluation of sites in major 286 
typological classes) or focused on a single habitat type for filtering the role of natural 287 
environmental variation to detect perturbation effects (22.8%, Fig. 7). These approaches 288 
generally concur with those used in smaller streams and rivers (see Roset et al., 2007; 289 
Hermoso and Linke, 2012).  290 
Conservation, rehabilitation and relationship with ecosystem services 291 
Studies addressing management actions were more rehabilitation than conservation oriented. 292 
This is probably due to the typically high levels of human use throughout LFRs. Also, 293 
although systematic conservation planning exercises may be done at large spatial scales, 294 
selection of areas for conservation focus is typically at finer scales (i.e. among stream 295 
segments and their associated watersheds) within large river systems (Esselman and Allan, 296 
2011; Hermoso et al., 2011; Dolezsai et al., 2015). These studies do not deal with the 297 
peculiarities of LFRs by addressing different scales, which are only indirectly related to the 298 
conservation management of LFRs. Our review suggests that systematic approaches that 299 
select among different reaches and floodplain habitats within the potamal section of LFRs are 300 
relatively rare. We also found that although floodplain habitats and their associated main stem 301 
section are often the focus of large scale rehabilitation projects (e.g. Tockner and Schiemer, 302 
1997; Whalen et al., 2002), these areas are selected rather haphazardly or based on their 303 
ecological status relative to a small number of potential candidate sites (Buijse et al., 2002; 304 
Jungwirth et al., 2002; Sommerwerk et al., 2010; Hein et al., 2016). Most rehabilitation efforts 305 
targeted the enhancement of habitat at small spatial extents (e.g. hundreds of meters to a few 306 
kilometres; see e.g. Thomas et al., 2015; Morandi et al., 2017) or focused on increasing lateral 307 
connectivity between the main channel and the floodplain (see e.g. Jacobson et al., 2011; 308 
Riguier et al., 2015; Kozak et al., 2016). The emergent general conclusion of the studies is: 309 
although in many cases rehabilitation activities enhanced habitat conditions and increased 310 
biodiversity to some degree, the outcome of the rehabilitation depended greatly on the 311 
selected abiotic and biotic variables, the spatial scale of the rehabilitation activity and the 312 
temporal scales considered for evaluating rehabilitation effects (Bernhardt et al., 2005; Palmer 313 
et al., 2010; Muhar et al., 2016). Prime reasons for failure of rehabilitation activities in LFRs 314 
were: i) the overarching effect of catchment or landscape level alterations, ii) inadequate 315 
improvement of instream habitat quality, iii) limited recolonization potential of the species 316 
pool, and iv) the lack of a diverse species pool in the altered catchments (Palmer et al., 2010; 317 
Tonkin et al., 2014; Muhar et al., 2016; Stoll et al., 2016).  318 
We found surprisingly few papers (1.6%) addressing ecosystem services in LFRs. Although 319 
the number of studies on ecosystem services of freshwaters is generally increasing, Hanna et 320 
al. (2018) concluded these are almost exclusively quantifying ecosystem services at the scale 321 
of watersheds or across multiple watersheds. Consequently, this review agrees with Hanna et 322 
al. (2018) that evaluation of ecosystem services at the scale of LFRs is still rare. Ecosystem 323 
services studies also did not distinguish between the different functional units of river-324 
floodplain habitat types (i.e. eupotamon, parapotamon, plesiopotamon) and their potential role 325 
in ecosystem services provision. An important exception is Schindler et al. (2014), who 326 
reviewed the effects of 38 floodplain management interventions on 21 ecosystem services. 327 
The authors found that rehabilitation measures generally improved the multifunctionality of 328 
the riverscape and resulted in win-win situations for enhancing the overall supply of 329 
ecosystem services (Schindler et al., 2014, 2016). Overall, the number of studies is still too 330 
low for meaningful analyses of the relationships between biodiversity conservation, 331 
maintenance of ecological condition and ecosystem services in LFRs (but see e.g. Thorp et 332 
al., 2010 for a more general paper). 333 
Conclusions and suggestions for future research 334 
Our systematic review revealed a strong geographic bias in the literature toward developed 335 
countries in Europe and North America. Given systematically high levels of threat to rivers 336 
around the globe (Vörösmarty et al. 2010), this is a substantial research gap and further 337 
studies are clearly required in less examined continents to better understand the ecology and 338 
conservation management of LFRs. In fact, conservation management of LFRs could 339 
significantly benefit from intensive research in currently less studied and still relatively intact 340 
LFRs in terms of spatial organization of habitat patterns, functional connectivity between 341 
them and potential reference conditions. Europe and North America have a long history of 342 
intense, large scale river engineering and use and thus, largely lack stretches appropriate for 343 
use as natural references. Potential reference LFRs, however, may still exist in less developed 344 
areas, such as areas of South America, Asia and Africa. Even if they occur in markedly 345 
different biogeographic realms than more altered LFRs, which limits their applicability as 346 
reference for taxonomic evaluations, they can still provide reference for functional 347 
composition of species communities as well as functional connectivity between resources and 348 
thus, will enhance our understanding of ecological function and processes in LFRs. We 349 
acknowledge that ecology of LFRs has been investigated in some areas that our review 350 
indicates are understudied (e.g. in Russia and China), where results have simply not yet 351 
reached the English-dominated contemporary scientific literature. 352 
Our review suggests that most ecological assessments to date have adopted use of classical 353 
biotic index based evaluations (e.g. Angermeier and Karr, 1994; Karr, 1999). Not 354 
surprisingly, these evaluations rely largely on fish and benthic invertebrate assemblages. Both 355 
taxa have a relatively long history of development and application as indicators (Karr, 1981), 356 
with established sampling guidance and diagnostic tools, particularly in small rivers (Herman 357 
and Nejadhashemi, 2015). However, it should be noted that the number of articles specifically 358 
addressing application of biotic indices in LFRs is low. Many studies applied sampling at the 359 
watershed level, where samples from small streams to large rivers were evaluated using the 360 
same methodological protocol. In addition, most studies evaluated the status of main stem 361 
river habitats only (see e.g. Flotemersch et al., 2006; Whittier et al., 2007; Birk et al., 2012a; 362 
Ruaro and Gubiani, 2013), but did not specifically consider the peculiarities of LFRs. The 363 
number of articles addressing the ecological assessment of the whole riverine landscape (i.e. 364 
all types of riverscape habitats) was very small (Fig. 3).  365 
Most indices used to evaluate biotic condition were not specific to LFRs. A notable exception 366 
is the floodplain index, which was developed to assess ecological condition of and lateral 367 
connectivity between individual water bodies within a floodplain landscape (multiple riverine 368 
habitat types). The index is based on species specific habitat preferences, which were assigned 369 
to indicator values (Chovanec and Waringer, 2001; Chovanec et al., 2005; Illyova and 370 
Matecni, 2014; Šporka et al., 2016; Funk et al., 2017). The index is an effective biological 371 
indicator of spatial and temporal changes in the lateral hydrological connectivity of river-372 
floodplain functional habitat types (Chovanec et al., 2005; Šporka et al., 2016). Since 373 
dynamic lateral hydrological connectivity is one of the most important determinants of river-374 
floodplain systems (Bayley, 1995; Johnson et al., 1995; Ward et al., 2001), the floodplain 375 
index may serve as key measure for evaluating the ecological condition of LFRs at the 376 
landscape scale. However, the floodplain index cannot be related to specific stressors and 377 
thus, may not effectively indicate the summed effect of different physical, chemical and 378 
biological stressors on biota and the LFR system in general. Therefore, other metrics are also 379 
necessary for the effective evaluation of the ecological condition of LFRs, which we briefly 380 
review here to guide future assessment research. 381 
To quantify the degree of landscape alteration and assess ecological condition it is necessary 382 
to determine how much area of the original landscape has been lost, and how structural 383 
components and functional processes have been altered (Beechie et al., 2010; Peipoch et al., 384 
2015). However, most biotic indices quantify only site level alteration and consequently do 385 
not consider or provide information on habitat loss and alteration – including spatial 386 
configuration and diversity of different habitat types - at the landscape level. LFRs suffered 387 
most from large scale loss of their original habitat due to increasing agricultural land use 388 
(Tockner and Stanford, 2002). Therefore, we suggest that assessments of LFRs should 389 
explicitly incorporate landscape level metrics of habitat alteration. Patch based evaluations of 390 
habitat quantity, complexity (i.e. configuration, diversity, connectivity of patches) and quality 391 
are routinely used in terrestrial landscape ecology (Pascual-Hortal and Saura, 2006; Lausch et 392 
al., 2015). However, their application in riverscape ecology warrants greater consideration 393 
(Erős and Grant, 2015), particularly in ecological assessment and conservation management. 394 
For example, environmental history provides an excellent approach for quantifying spatial 395 
and temporal changes in habitat quantity, configuration and diversity in LFRs (see e.g. 396 
Hohensinner et al., 2004; Farkas-Iványi and Trájer, 2015). Further, graph theoretic and other 397 
network based methods are increasingly applied to quantify connectivity relationships (Erős et 398 
al., 2012; Wohl et al., 2018). In addition, since lateral diversity of habitats and the biota is a 399 
key component of LFRs, the floodplain index mentioned above can serve as a coarse measure 400 
for spatial and temporal changes in hydrologic connectivity and its effects on biota. Modelling 401 
stressor response relationships with more effective analytical tools (e.g. machine learning 402 
methods, Bayesian models) may lead to better predictive indices in the future (Kuehne et al., 403 
2017). These tools could better incorporate both structural and functional parameters. In fact, 404 
measures of ecosystem function (e.g. water retention, organic matter decomposition, 405 
production of trophic levels) are still underutilized in river management (von Schiller et al., 406 
2017). Overall, what is still missing is a more holistic approach, i.e. the effective integration 407 
of the different approaches in a unified assessment framework (but see Flotemersch et al., 408 
2016 for an approach at the watershed level).  409 
Classic indices are routinely used for determining quality of the biota (Birk et al., 2012a, 410 
2012b; Ruaro and Gubiani, 2013). However, local, single habitat and single index based 411 
assessments may fail to correctly reflect the broader ecological condition of LFRs and the 412 
alteration of the riverscape (see also Moss et al., 2008), particularly if areas lost by water 413 
regulation, land use alteration and other kinds of habitat modification are not considered. For 414 
example, a riverscape that has lost 90% of its original area may show good ecological 415 
condition at the local scale, due to remnant river-floodplain segments with sufficient habitat 416 
quality and connectivity, while at the catchment scale the riverscape is seriously altered. This 417 
narrow focus on the site scale and single elements of the riverscape is standard in most 418 
environmental assessments of LFRs. For example, in Hungary the assessment of the 419 
ecological condition of large floodplain rivers (Danube, Tisza) is exclusively based on 420 
monitoring the main channel and the floodable area along the river. Oxbows and former side 421 
arms in the historic floodplain are treated as lakes in the ecological assessment procedure and 422 
their ecological condition is evaluated based on the criteria established for lakes. The formerly 423 
vast floodplain area cut off by levees for flood protection is considered terrestrial habitat and 424 
thus not evaluated at all. In the German environmental assessment system for the WFD, even 425 
the active floodplain is not considered part of the water body and thus not addressed by 426 
monitoring. Approaches that restrict the riverscape to the floodplain remaining between 427 
levees fall short in assessing the ecological condition, because they ignore the original extent 428 
of the riverscape as reference. Such an assessment largely underestimates the loss of habitats, 429 
neglects lateral fragmentation effects and consequently cannot estimate the full losses due to 430 
human alteration of LFRs. We are fully aware that many historical floodplain areas are 431 
irreversibly lost; however, we argue for their conceptual consideration as functional habitats. 432 
For fish in particular, small floodplain water bodies that are infrequently connected with the 433 
main channel have been identified as key habitats for floodplain specialists (Schomaker and 434 
Wolter, 2011). We argue that integrating landscape level and local scale evaluations will lead 435 
to more effective evaluation of the ecological condition of LFRs. The joint application of the 436 
different types of indicators of environmental quantity, complexity and quality together with 437 
information on ecological threat indices (Paukert et al., 2011; Tulloch et al., 2015) will allow 438 
development of more informed conservation and management decisions.  439 
Limitations on conservation resources means that it is critically important to optimize 440 
solutions across multiple conservation/rehabilitation purposes and/or other ecosystem 441 
services. As indicated by the very low number of articles on ecosystem services of LFRs, this 442 
challenge remains widely unaddressed. Furthermore, studies that specifically quantify trade-443 
off relationships between different ecosystem services and biodiversity conservation or the 444 
maintenance of ecological condition are virtually lacking for LFRs. Watershed level studies 445 
offer examples of how to optimize land use for the delivery of ecosystem services and for 446 
conservation and/or rehabilitation of biota (e.g. Doody et al., 2016; Terrado et al., 2016; Erős 447 
et al., 2018). Similar studies should be conducted in the segments of LFRs, because 448 
examining trade-off relationships at larger scales and spatial extents may require different 449 
approaches and result in different management outcomes (Erős et al., 2018; Hanna et al., 450 
2018).  451 
In LFRs, selecting areas for conservation or rehabilitation should focus on reaches sufficiently 452 
large to maintain a diverse array of floodplain habitat types and a diverse biotic community 453 
(Hein et al., 2016). Spatial prioritization and optimization approaches could help to define 454 
river segments 1) of priority for conservation and/or rehabilitation (e.g. biodiversity hotspots, 455 
regeneration potential, nutrient retention, ecotourism), 2) primarily for human use (e.g. 456 
infrastructure, housing, gravel mining), and 3) for both conservation functions and human use 457 
shared according to societal needs and intentions. Taking the “land sharing versus land 458 
sparing debate” (see Fisher et al., 2014; Shackelford et al, 2015) into the water would be 459 
useful for developing more effective conservation decisions that address societal concerns, 460 
especially for LFRs, where human needs for water seem to be in special conflict with 461 
conservation aims (Arthington et al., 2010; Sommerwerk et al., 2010).  462 
In summary, our review of the ecological research identified substantial challenges in 463 
assessing and managing LFRs, primarily emerging from an insufficient recognition of the 464 
spatial (longitudinal and lateral) and temporal complexity of LFRs. This review highlights 465 
research gaps and emphasizes the importance of developing more holistic indicators and 466 
assessment schemes of ecological condition  that can better reveal landscape level changes in 467 
the structure and functioning of LFRs. Improved assessment tools will help to effectively 468 
select areas for conservation and rehabilitation, and evaluate those areas which are 469 
rehabilitated. Indeed, as human use of water and land is increasing, developing effective 470 
spatial prioritization tools becomes more important. Empirical research in this field can aid in 471 
solving conflicts between socio-economic demands for ecosystem services and nature 472 
conservation in LFRs. 473 
 474 
Acknowledgements  475 
This work was supported by the GINOP 2.3.3-15-2016-00019 grant.  476 
Literature 477 
Amoros, C., Richardot-Coulet, M., and Patou, G., 1982. 'Les "Ensembles Fonctionelles": 478 
des entites ecologiques qui traduisent !'evolution de l'hydrosysteme en integrant Ia 479 
geormorphologie et l'anthropisation (exemple du Haut-Rhone francais)’. Rev. Geogr. 480 
Lyon, 51, 49-62.  481 
Amoros, C., Roux, A. L., Reygrobellet, J. L., Bravard, J.P., Pautou, G., 1987. A method for 482 
applied ecological studies of fluvial hydrosystems. Regul. Riv., 1, 17-36.  483 
Angermeier, P.L., Karr J.R., 1994. Biological integrity versus biological diversity as policy 484 
directives: Protecting biotic resources. BioScience 44, 690-697. 485 
Arthington, A.H., Naiman, R.J., McClain, M.E., Nilsson, C., 2010. Preserving the 486 
biodiversity and ecological services of rivers: new challenges and research opportunities. 487 
Freshw. Biol. 55, 1-16.  488 
Bayley, P.B., 1995. Understanding large river – floodplain ecosystems. BioScience 45, 153–489 
158. 490 
Beechie, T.J., Sear, D.A., Olden, J.D., Pess, G.R., Buffington, J.M., Moir, H., Roni, P., 491 
Pollock, M.M., 2010. Process-based principles for restoring river ecosystems. 492 
BioScience 60, 209-222. 493 
Bennett, E.M., Cramer, W., Begossi, A., et al. (2015) Linking biodiversity, ecosystem 494 
services, and human well-being: Three challenges for designing research for 495 
sustainability. Curr. Opin.Sust. 14, 76-85. 496 
Bernhardt, E.S, Palmer, M.A., Allan, J.D., Alexander, g., Barnas, K., Brooks, S., Carr, J., 497 
Clayton, S., Dahm, C., Follstad- Shah, J., Galat, D., Gloss, S., Goodwin, P., Hart, D., 498 
Hassett, B., Jenkinson, R., Katz, S., Kondolf, G.M., Lake, P.S., Laye, R., Meyer, J.L., 499 
O’donnell, T.K., Pagano, L., Powell, B., Sudduth, E., 2005 Synthesizing U.S. river 500 
restoration efforts. Science 308, 636-637. 501 
Birk, S., van Kouwen, L.,  Willby, N., 2012. Harmonising the bioassessment of large rivers 502 
in the absence of near‐ natural reference conditions – a case study of the Danube River. 503 
Freshw. Biol. 57, 1716-1732. 504 
Birk, S., Bonne, W., Borja, A., Brucet, S., Courrat, A., Poikane, S., Solimini, A., van de 505 
Bund, W., Zampoukas, N., Hering, D., 2012. Three hundred ways to assess Europe’s 506 
surface waters: an almost complete overview of biological methods to implement the 507 
Water Framework Directive. Ecol. Indic. 18, 31-41. 508 
Buijse, A. D., Coops, H., Staras, M., Jans, L. H., van Geest, G.J., Grift, R.E., Ibelings, B.W., 509 
Oosterberg, W., Roozen, F. C., 2002. Restoration strategies for river floodplains along 510 
large lowland rivers in Europe. Freshw. Biol. 47, 889-907. 511 
Cabecinha, E.; Cortes, R.; Cabral, J.A., 2004. Performance of a stochastic-dynamic 512 
modelling methodology for running waters ecological assessment. Ecol. model. 175, 513 
303-317. 514 
CIA 2002. The world factbook 2002. Central Intelligence Agency, Office of Public Affairs, 515 
Washington DC. 516 
Chovanec, A., Waringer, J., 2001. Ecological integrity of river floodplain systems – 517 
assessment by dragonfly surveys (Insecta: Odonata) Regul. Riv. 17, 493-507.  518 
Chovanec, A., Waringer, M., Straif, W., Graf, W., Reckendorfer, W., Waringer-519 
Löschenkohl, A., Waidbacher, H., Schultz, H., 2005. The Floodplain Index - a new 520 
approach for assessing the ecological status of river/floodplain-systems according to the 521 
EU Water Framework Directive. Large Rivers 15 (1-4), 169-185. 522 
Cordingley, J.E., Newton, A.C., Rose, R.C., Clarke, R.T., Bullock, J.M., 2016. Can 523 
landscape-scale approaches to conservation management resolve biodiversity ecosystem 524 
services trade-offs? J. Appl. Ecol. 53, 96-105.  525 
De Leeuw, J.J., Buijse, A.D., Haidvogl, G., Lapinska, M., Noble, R., Repecka, R., 526 
Virbickas, T., Wisniewolski, W., Wolter, C., 2007. Challenges in developing fish-based 527 
ecological assessment methods for large floodplain rivers. Fisheries Manag. Ecol. 14, 528 
483-494. 529 
Dolezsai, A., Sály, P., Takács, P., Hermoso, V., Erős, T., 2015. Restricted by borders: trade-530 
offs in transboundary conservation planning for large river systems. Biodiv. Cons. 24, 531 
1403-1421. 532 
Doody, D.G., Withers, P.J.A., Dils, R.M., McDowell, R.W., Smith, V., McElarney, Y.R., 533 
Dunbar, M., Daly, D., 2016. Optimizing land use for the delivery of catchment 534 
ecosystem services. Front. Ecol. Environt. 14, 325-332. 535 
Dynesius, M., Nilsson, C., 1994. Fragmentation and flow regulation of river systems in the 536 
northern third of the world. Science 266, 753-762. 537 
Dzubakova, K., Piegay, H., Riquier, J., Trizna, M., 2015. Multi-scale assessment of 538 
overflow-driven lateral connectivity in floodplain and backwater channels using LiDAR 539 
imagery. Hidrol. Processes 29: 2315-2330. 540 
Erős, T., 2007. Partitioning the diversity of riverine fish: the roles of habitat types and non-541 
native species. Freshw. Biol. 52, 1400–1415. 542 
Erős, T., Olden, J.D., Schick, R.S., Schmera, D., Fortin, M.J., 2012. Characterizing 543 
connectivity relationships in freshwaters using patch-based graphs. Landscape Ecol. 27, 544 
303-317. 545 
Erős, T., Grant, E.H.C., 2015. Unifying research on the fragmentation of terrestrial and 546 
aquatic habitats: patches, connectivity and the matrix in riverscapes. Freshw. Biol. 60, 547 
1487-1501. 548 
Erős, T., O’Hanley, J., Czeglédi, I., 2018. A unified model for optimizing riverscape 549 
conservation. J. Appl. Ecol. 55, 1871-1883. 550 
Esselman, P.C., Allan, J.D., 2011. Application of species distribution models and 551 
conservation planning software to the design of a reserve network for the riverine fishes 552 
of northeastern Mesoamerica. Freshw. Biol. 56, 71-88. 553 
Farkas-Ivanyi, K; Trajer, A., 2015. The influence of the river regulations on the aquatic 554 
habitats in river Danube, at the Bodak branch- system, Hungary and Slovakia. Carpath. J. 555 
Earth Env. 10: 235-245. 556 
Feld, C. K., Hering, D., 2007. Community structure or function: effects of environmental 557 
stress on benthic macroinvertebrates at different spatial scales. Freshw. Biol. 52, 1380-558 
1399 559 
Fischer, J., Abson, D. J., Butsic, V., Chappell, M. J., Ekroos, J., Hanspach, J., Kuemmerle, 560 
T., Smith, H. G.,  Wehrden, H., 2014. Land sparing versus land sharing: Moving 561 
forward. Conserv. Lett. 7, 149-157. 562 
Flotemersch, J.E., Blocksom, K., Hutchens, J.J., Autrey, B.C., 2006. Development of a 563 
standardized large river bioassessment protocol (LR-BP) for macroinvertebrate 564 
assemblages. River Res. Appl. 22, 775–790. 565 
Flotemersch, J. E., Stribling, J. B., Hughes, R. M., Reynolds, L., Paul, M. J., Wolter, C., 566 
2011. Site length for biological assessment of boatable rivers. River Res. Appl. 27, 520-567 
535. 568 
Flotemersch, J.E., Leibowitz, S.G., Hill, R.A., Stoddard, J.L., Thoms, M.C., Tharme, R.E., 569 
2016. A watershed integrity definition and assessment approach to support strategic 570 
management of watersheds. River Res. Appl. 32, 1654-1671. 571 
Funk, A., Trauner, D., Reckendorfer, W., Hein, T., 2017. The Benthic Invertebrates 572 
Floodplain index – extending the assessment approach. Ecol. Indic. 79, 303-309.  573 
Ganasan, V., Hughes, R.M., 1998. Application of an index of biological integrity (IBI) to 574 
fish assemblages of the rivers Khan and Kshipra (Madhya Pradesh), India. Freshw. Biol. 575 
40, 367-383. 576 
Gurnell, A.M., Rinaldi, M., Belletti, B., Bizzi, S., Blamauer, B., Braca, G., Buijse, A.D., 577 
Bussettini, M., Camenen, B., Comiti, F., Demarchi, L., García de Jalón, D., González del 578 
Tánago, M., Grabowski, R. C., Gunn, I.D.M., Habersack, H., Hendriks, D., Henshaw, A. 579 
J., Klösch, M., Lastoria, B., Latapie, A., Marcinkowski, P., Martínez-Fernández, V., 580 
Mosselman, E., Mountford, J.O., Nardi, L., Okruszko, T., O’Hare, M.T., Palma, M., 581 
Percopo, C., Surian, N., van de Bund, W., Weissteiner, C., Ziliani, L., 2016. A multi-582 
scale hierarchical framework for developing understanding of river behaviour to support 583 
river management. Aquat. Sci. 78, 1-16. 584 
Grenier, M., Lavoie, I., Rousseau, A.N., Campeau, S., 2010. Defining ecological thresholds 585 
to determine class boundaries in a bioassessment tool: The case of the Eastern Canadian 586 
Diatom Index (IDEC). Ecol. Indic. 10, 980-989. 587 
Hanna, D.E.L., Tomscha, S.A., Ouellet Dallaire, C., Bennett, E.M. 2018. A review of 588 
riverine ecosystem service quantification: research gaps and recommendations. J. Appl. 589 
Ecol. 55, 1299-1311. 590 
Herman, M. R., Nejadhashemi, A. P., 2015. A review of macroinvertebrate-and fish-based 591 
stream health indices. Ecohydrol. Hydrobiol. 15, 53-67. 592 
Hermoso, V., Clavero, M., Blanco-Garrido, F., Prenda, J., 2010. Assessing the ecological 593 
status in species-poor systems: A fish-based index for Mediterranean Rivers (Guadiana 594 
River, SW Spain). Ecol. Indic. 10, 1152-1161. 595 
Hermoso, V., Linke, S., Prenda, J., Possingham, H.P., 2011. Addressing longitudinal 596 
connectivity in the sytematic conservation planning for freshwaters. Freshw. Biol. 56, 57-597 
70. 598 
Hermoso, V., Linke, S., 2012. Discrete vs continuum approaches to the assessment of the 599 
ecological status in Iberian rivers, does the method matter? Ecol. Indic. 18, 477-484. 600 
Hein, T., Schwarz, U., Habersack, H., Nichersu, I., Preiner, S., Willby, N., Weigelhofer, G., 601 
2016. Current status and restoration options for floodplains along the Danube River. Sci. 602 
Total Environ. 543, 778-790. 603 
Hering, D., Johnson, R. K., Kramm, S., Schmutz, S., Szoszkiewicz, K., Verdonschot, P. F., 604 
2006. Assessment of European streams with diatoms, macrophytes, macroinvertebrates 605 
and fish: a comparative metric‐ based analysis of organism response to stress. Freshw. 606 
Biol. 51, 1757-1785.  607 
Hohensinner, S., Habersack, H., Jungwirth, M., Zauner, G., 2004. Reconstruction of the 608 
characteristics of a natural alluvial river–floodplain system and hydromorphological 609 
changes following human modifications: the Danube River (1812–1991). River Res. 610 
Appl. 20, 25-41. 611 
Illyova, M.; Matecny, I., 2014. Ecological validity of river-floodplain system assessment by 612 
planktonic crustacean survey (Branchiata: Branchiopoda). Environ. Monit. Assess. 186: 613 
4195- 4208. 614 
Jacobson, R.B., Janke, T.P., Skold, J.J., 2011. Hydrologic and geomorphic considerations in 615 
restoration of river-floodplain connectivity in a highly altered river system, Lower 616 
Missouri River, USA. Wetl. Ecol. Manag. 19, 295-316. 617 
Johnson, B.L., Richardson, W.B., Naimo, T.J., 1995. Past, present, and future concepts in 618 
large river ecology. BioScience 45, 134–141. 619 
Jungwirth, M., Muhar, S., Schmutz, S., 2002. Re‐ establishing and assessing ecological 620 
integrity in riverine landscapes. Freshw. Biol. 47, 867-887. 621 
Kail, J., Wolter, C., 2011. Analysis and evaluation of large-scale river restoration planning 622 
in Germany to better link river research and management. River Res. Appl. 27(8), 985-623 
999. 624 
Karim, F.; Kinsey-Henderson, A.; Wallace, J.; Godfrey, P.; Arthington, A.H.; Pearson, 625 
R.G., 2014. Modelling hydrological connectivity of tropical floodplain wetlands via a 626 
combined natural and artificial stream network. Hydrol. Process. 28, 5696-5710. 627 
Karr, J. R., 1981. Assessment of biotic integrity using fish communities. Fisheries 6(6), 21-628 
27. 629 
Karr, J.R., 1999. Defining and measuring river health. Freshw. Biol. 41, 221–234. 630 
Kopf, R.K., Finlayson, C.M, Humphries, P., Sims, N.C., Hladyz, S., 2015. Anthropocene 631 
baselines: Assessing change and managing biodiversity in human dominated aquatic 632 
ecosystems. BioScience 65, 798-811. 633 
Kozak J.P., Bennett M.G., Piazza, B.P., Remo, J.W.F., 2016. Towards dynamic flow regime 634 
management for flooplain restoration in the Atchafalaya River Basin, Louisiana. Environ. 635 
Sci. Policy 64, 118-128.  636 
Kummu, M., de Moel, H., Ward, P. J., Varis, O., 2011. How close do we live to water? A 637 
global analysis of population distance to freshwater bodies. PLoS ONE 6(6), e20578. 638 
Kuehne, L.M., Olden, J.D., Strecker, A.L., Lawler, J.J., Theobald, D.M., 2017. Past, 639 
present, and future of ecological integrity assessment for freshwaters. Front. Ecol. 640 
Environ. 15, 197-205. 641 
Lausch, A., Blaschke, T., Haase, D., Herzog, F., Syrbe, R.U., Tischendor, L., Walz, U., 642 
2015. Understanding and quantifying landscape structure – A review on relevant process 643 
characteristics, data models and landscape metrics. Ecol. Model. 295, 31-41. 644 
Meng, W.; Zhang, N.; Zhang, Y.; Zheng, B.H., 2009. Integrated assessment of river health 645 
based on water quality, aquatic life and physical habitat. J. Environ. Sci. 21: 1017-1027. 646 
Morandi, B., Kail, J., Toedter, A., Wolter, C., Piégay, H., 2017. Diverse approaches to 647 
implement and monitor river restoration:  a comparative perspective in French and 648 
Germany. Environ. Manage. 60, 931-946. 649 
Moss, B., 2008. The Water Framework Directive: total environment or political 650 
compromise? 651 
Sci. Total Environ. 400 (1–3), 32–41. 652 
Muhar, S; Schwarz, M; Schmutz, S; Jungwirth, M., 2000. Identification of rivers with high 653 
and good habitat quality: methodological approach and applications in Austria, 654 
Hydrobiologia 422, 343-358. 655 
Muhar, S., Januschke, K., Kail, J., Poppe, M., Schmutz, S., Hering, D., Buijse, A.D., 2016. 656 
Evaluating good-practice cases for river restoration across Europe: context, 657 
methodological framework, selected results and recommendations. Hydrobiologia 769, 658 
3–19 659 
Musil, J; Horky, P; Slavik, O; Zboril, A; Horka, P., 2012. The response of the young of the 660 
year fish to river obstacles: Functional and numerical linkages between dams, weirs, fish 661 
habitat guilds and biotic integrity across large spatial scale. Ecol. Indic. 23: 634-640. 662 
Palmer, M. A., Mennnger, H. L., Bernhardt, E., 2010. River restoration, habitat 663 
heterogeneity and biodiversity: a failure of theory or practice?. Freshw. Biol. 55, 205-664 
222. 665 
Pan, B.Z.; Wang, H.Z.; Wang, H.J., 2014. A floodplain-scale lake classification based on 666 
characteristics of macroinvertebrate assemblages and corresponding environmental 667 
properties. Limnologica 49, 10-17. 668 
Pascual-Hortal, L., Saura, S., 2006. Comparison and development of new graph-based 669 
landscape connectivity indices: towards the priorization of habitat patches and corridors 670 
for conservation. Landscape Ecol. 21, 959-967. 671 
Paukert, C.P., Pitts, K.L., Whittier, J.B., Olden, J.D., 2011. Development and assessment of 672 
a landscape-scale ecological threat index for the Lower Colorado River Basin. Ecol. 673 
Indic. 11, 304-310. 674 
Peipoch, M., Brauns, M., Hauer, F.R., Weitere, M., Valett, M.H., 2015. Ecological 675 
simplification: Human influences on riverscape complexity. BioScience 65, 1057-1065. 676 
Pinto, BCT; Araujo, FG; Hughes, RM., 2006. Effects of landscape and riparian condition on 677 
a fish index of biotic integrity in a large southeastern Brazil river. Hydrobiologia 556: 69-678 
83. 679 
Raburu, PO; Okeyo-Owuor, JB; Masese, FO., 2009. Macroinvertebrate-based Index of 680 
biotic integrity (M-IBI) for monitoring the Nyando River, Lake Victoria Basin, Kenya. 681 
Sci. Res. Essays 4, 1468-1477. 682 
Raburu, P.O.; Masese, F.O., 2012. Development of a fish-based index of biotic integrity 683 
(FIBI) for monitoring riverine ecosystems in the Lake Victoria drainage Basin, Kenya. 684 
River Res. Appl. 28: 23-38. 685 
Reyers, B., Polasky, S., Tallis, H., Mooney, H.A., Larigauderie, A., 2012. Finding common 686 
ground for biodiversity and ecosystem services. BioScience 62, 503-507. 687 
Riquier, J., Piégay, H., Šulc M.M., 2015. Hydromorphological conditions in eighteen 688 
restored floodplain channels of a large river: linking patterns to processes. Freshw Biol, 689 
60, 1085-1103. 690 
Roset, N., Grenouillet, G., Goffaux, D., Kestemont, P., 2007. A review of existing fish 691 
assemblage indicators and methodologies. Fisheries Manag. Ecol. 14, 393-405. 692 
Ruaro, R., Gubiani, É.A., 2013. A scientometric assessment of 30 years of the index of 693 
Biotic Integrity in aquatic ecosystems: Applications and main flaws. Ecol. Indic. 29, 105-694 
110. 695 
Sarkar, U.K.; Dubey, V.K.; Singh, S.P.; Singh, A.K., 2017. Employing indicators for 696 
prioritization of fish assemblage with a view to manage freshwater fish diversity and 697 
ecosystem health in the tributaries of Ganges basin, India. Aquat. Ecosyst. Health 20: 21-698 
29. 699 
Shackelford, G. E., Steward, P. R., German, R. N., Sait, S. M., Benton, T. G., Richardson, 700 
D., 2015. Conservation planning in agricultural landscapes: hotspots of conflict between 701 
agriculture and nature. Diversity Distrib. 21, 357-367. 702 
Schindler, S., Sebesvari, Z., Damm, C., Euller, K., Mauerhofer, V.,  Biró, M., Kanka, R., 703 
2014. Multifunctionality of floodplain landscapes: relating management options for 704 
ecosystem services. Landsc. Ecol. 29: 229-244. 705 
Schindler, S., O’Neill, F.H., Biró, M., Damm, C., Gasso, V., 2016. Multifunctional 706 
floodplain management and biodiversity effects: a knowledge synthesis for six European 707 
countries. Biodivers. Conserv. 25, 1349-1382. 708 
Schomaker, C., Wolter, C., 2011. The contribution of long-term isolated water bodies to 709 
floodplain fish diversity. Freshw. Biol. 56, 1469-1480. 710 
Sharma, A.P.; Das, M.K.; Vass, K.K.; Tyagi, R.K., 2017. Patterns of fish diversity, 711 
community structure and ecological integrity of River Yamuna, India. Aquat. Ecosyst. 712 
Health 20, 30-42. 713 
Sommerwerk, N., Bloesch, J., Paunović, M., Baumgartner, C., Venohr, M., Schneider-714 
Jacoby, M., Hein, T., Tockner, K., 2010. Managing the world’s most international river: 715 
the Danube River Basin. Mar. Freshw. Res. 61, 736-748. 716 
Šporka, F., Krno, I., Matečný, I., Beracko, P., Kalaninová, D., 2016. The floodplain index, 717 
an effective tool for indicating landscape level hydrological changes in the Danube River 718 
inundation area. Fundam. Appl. Limnol. 188, 265-278. 719 
Stoll, S., Breyer, P., Tonkin, J.D., Früh, D., Haase, P., 2016. Scale dependent effects of river 720 
habitat quality on benthic invertebrate communities – implications for stream restoration 721 
practice. Sci. Total Environ. 553, 495-503. 722 
Stromberg, J.C; Lite, S.J; Rychener, T.J; Levick, L.R; Dixon, M.D; Watts, J.M., 2006. 723 
Status of the riparian ecosystem in the upper San Pedro River, Arizona: Application of an 724 
assessment model. Environ. Monit. Assess. 115, 145-173 725 
Terrado, M., Momblanch, A., Bardina, M., Boithias, L., Munné, A., Sabater, S., Solera, A., 726 
Acuña, V., 2016. Integrating ecosystem services in river basin management plans. J. 727 
Appl. Ecol. 53, 865-875. 728 
Thorp, J.H., Thoms, M.C., Delong, M.D., 2006. The riverine ecosystem synthesis: 729 
biocomplexity in river networks across space and time. River Res. Appl. 22(2), 123-147. 730 
Thorp, J.H., Flotemersch, J.E., Delong, M.D., Casper, A.F., Thoms, M.C., Ballantyne, F., 731 
Williams, B.S., O'Neill, B.J., Haase, C.S., 2010. Linking ecosystem services, 732 
rehabilitation, and river hydrogeomorphology. BioScience 60, 67–74. 733 
Thomas, G., Lorenz, A.W., Sundermann, A., Haase, P., Peter, A., Stoll, S., 2015. Fish 734 
community responses and the temporal dynamics of recovery following river habitat 735 
restorations in Europe. Freshw. Sci. 34, 975-990. 736 
Tockner, K.; Schiemer, F., 1997. Ecological aspects of the restoration strategy for a river-737 
floodplain system on the Danube River in Austria. Glob. Ecol. Biogeogr. Lett. 6, 321-738 
329. 739 
Tockner, K., Ward, J.V., 1999. Biodiversity along riparian corridors. Archiv für 740 
Hydrobiologie, Suppl. 115(3), 293-310. 741 
Tockner, K., Stanford, J.A., 2002. Riverine flood plains: Present state and future trends. 742 
Environ. Conserv. 29, 308-330. 743 
Tockner, K., Pusch, M., Borchardt, D., Lorang, M.S., 2010. Multiple stressors in coupled 744 
river–floodplain ecosystems. Freshw. Biol. 55, 135–151.  745 
Tonkin, J. D., Stoll, S., Sundermann, A., Haase, P., 2014. Dispersal distance and the pool of 746 
taxa, but not barriers, determine the colonisation of restored river reaches by benthic 747 
invertebrates. Freshw. Biol. 59, 1843-1855. 748 
Tulloch, V.J., Tulloch, A.I., Visconti, P., Halpern, B.S., Watson, J.E., Evans, M.C., 749 
Auerbach, N.A., Barnes, M., Beger, M., Chadès, I., Giakoumi, S., McDonald-Madden, 750 
E., Murray, N.J., Ringma, J., Possingham, H. P., 2015., Why do we map threats? Linking 751 
threat mapping with actions to make better conservation decisions. Front. Ecol. Environ. 752 
13, 91-99. 753 
Trautwein, C.; Schinegger, R.; Schmutz, S., 2012. Cumulative effects of land use on fish 754 
metrics in different types of running waters in Austria. Aquat. Sci. 74: 329-341. 755 
Vitousek, P.M., Mooney, H.A., Lubchenco, J., Melillo, J.M., 1997. Human domination of 756 
earth’s ecosystems. Science 277, 494–499. 757 
von Schiller, D., Acuña, V., Aristi, I., Arroita, M., Basaguren, A., Bellin, A., Boyero, L., 758 
Butturini, A., Ginebreda, A., Kalogianni, E., Larrañaga, A., Majone, B., Martínez, A., 759 
Monroy, S., Muñoz, I., Paunović, M., Pereda, O., Petrovic, M., Pozo, J., 760 
RodríguezMozaz, S., Rivas, D., Sabater, S., Sabater, F., Skoulikidis, N., Solagaistua, L., 761 
Vardakas, L., Elosegi, A., 2017. River ecosystem processes: a synthesis of approaches, 762 
criteria of use and sensitivity to environmental stressors. Sci. Total Environ. 596–597, 763 
465–480.  764 
Vörösmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A., Green, P., 765 
Glidden, S., Bunn, S.E., Sullivan, C.A., Reidy L.C., Davies, P.M., 2010. Global threats to 766 
human water security and river biodiversity. Nature 467, 555–561. 767 
Ward, J., Tockner, K., Uehlinger, U., Malard, F., 2001. Understanding natural patterns and 768 
processes in river corridors as the basis for effective river restoration. Regul. Rivers: Res. 769 
Mgmt. 17, 311-323.  770 
Ward, J.V., 1989. The four-dimensional nature of lotic ecosystems. J. North Am. 771 
Benthological Soc. 8, 2-8.  772 
Ward, J.V., Stanford, J.A., 1995. Ecological connectivity in alluvial river ecosystems and its 773 
disruption by flow regulation. Regul. Rivers: Res. Mgmt. 11, 105-119. 774 
Weigel, B.M., Dimick, J.J., 2011. Development, validation, and application of a 775 
macroinvertebrate-based Index of Biotic Integrity for nonwadeable rivers of Wisconsin. 776 
J. North Am. Benthological Soc. 30: 665-679. 777 
Whalen, P.J.; Toth, L.A.; Koebel, J.W.; Strayer, P.K., 2002. Kissimmee River restoration: a 778 
case study. Water Sci. Technol. 45, 55-62. 779 
Whittier, T.R., Hughes, R.M., Stoddard, J.L., Lomnicky, G.A., Peck, D.V. Herlihy, A.T., 780 
2007. A structured approach for developing indices of biotic integrity: Three examples 781 
from streams and rivers in the Western USA. T. Am. Fish. Soc. 136, 718-735.  782 
Wohl, E., Brierley, G., Cadol, D., Coulthard, T.J., Covino, T., Fryirs, K.A., Grant, G., 783 
Hilton, R.G., Lane, S.N., Magilligan, F.J., Meitzen, K.M., Passalacqua, P., Poeppl, R.E., 784 
Rathburn, S.L., and Sklar, L.S., 2018. Connectivity as an emergent property of 785 
geomorphic systems. Earth Surf. Process. Landf. doi: 10.1002/esp.4434. 786 
Zajicek, P., Radinger, J., Wolter, C., 2018. Disentangling multiple pressures on fish 787 
assemblages in large rivers. Sci. Total Environ. 627, 1093-1105. 788 
Zhai, HJ; Cui, BS; Hu, B; Zhang, KJ., 2010. Prediction of river ecological integrity after 789 
cascade hydropower dam construction on the mainstream of rivers in Longitudinal 790 
Range-Gorge Region (LRGR), China. Ecol. Eng. 36: 361-372 791 
  792 
Captions to figures 793 
 794 
Figure 1. A schematic representation of the purpose of this study for exploring the assessment 795 
of ecological condition and its relationship with ecosystem services and for showing the 796 
balance between conserving and/or rehabilitating nature and utilizing it for human purposes 797 
appearing in peer-reviewed scientific articles. 798 
 799 
Figure 2. The distribution of the studies among continents and ecoregions. Letters indicate the 800 
type of the article as follows. EC, assessment of ecological condition; C, conservation; R, 801 
rehabilitation/restoration; ES, ecosystem services; BDM, biodiversity inventory or 802 
monitoring; C/ES, trade-off between C and ES. 803 
 804 
Figure 3. The percentage (%) distribution of the studies among the different river-floodplain 805 
habitat types. Abbreviations for the functional habitat types are as follows. MR, main river 806 
(eupotamon); FP1, floodplain 1 (parapotamon, plesiopotamon); FP2, floodplain 2 807 
(paleopotamon); FPA, former riverscape habitats in the flood protected area (oxbows etc); 808 
RIP, riparian areas.  809 
 810 
Figure 4. Representation (percentage % of all studies) of different taxonomic groups used to 811 
evaluate ecological condition in EC studies.  812 
 813 
Figure 5. The percentage (%) distribution of the type of data collection methods for the 814 
assessment of ecological condition among the articles. Field-intensive (>0.5 day site
-1
), field-815 
rapid (<0.5 day site
-1
), desktop (based primarily on spatial and/or remotely sensed data), 816 
expert (synthesis of expert knowledge). 817 
 818 
Figure 6. The percentage (%) distribution of the methods of defining reference condition 819 
among the articles. Basis of comparison for ecological condition: Site, selection of reference 820 
sites; BPJ, best professional judgement or expert knowledge; Historical, based on empirically 821 
derived estimate of historical condition; Model, models reference conditions using empirical 822 
approach; Ambient, uses measured range of response.  823 
 824 
Figure 7. The percentage (%) distribution of the methods among EC articles that partitioned 825 
natural variation from anthropogenic impacts. The categories used were as follows. 826 
Classification, categorization of sites based on their habitat characteristics; Untest, univariate 827 
tests of factors; Model, models which account for natural gradients; RGR, restricting 828 
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